In the first part of this paper (Ulbrich et al. 2003) , we gave a description of the August 2002 rainfall events and the resultant floods, in particular of the flood wave of the River Elbe. The extreme precipitation sums observed in the first half of the month were primarily associated with two rainfall episodes. The first episode occurred on 6/7 August 2002. The main rainfall area was situated over Lower Austria, the south-western part of the Czech Republic and south-eastern Germany. A severe flash flood was produced in the Lower Austrian Waldviertel (`forest quarter' ). The second episode on 11± 13 August 2002 most severely affected the Erz Mountains and western parts of the Czech Republic. During this second episode 312 mm of rain was recorded between 0600 GMT on 12 August and 0600 GMT on 13 August at the Zinnwald weather station in the Erz Mountains, which is a new 24-hour record for Germany. The flash floods resulting from this rainfall episode and the subsequent Elbe flood produced the most expensive weatherrelated catastrophe in Europe in recent decades.
In this part of the paper we discuss the meteorological conditions and physical mechanisms leading to the two main events. Similarities to the conditions that led to the recent summer floods of the River Oder in 1997 and the River Vistula in 2001 will be shown. This will lead us to a consideration of trends in extreme rainfall over Europe which are found in numerical simulations of anthropogenic climate change.
Synoptic situation during 1-15 August 2002
At the end of July 2002 an upper-tropospheric trough developed west of Ireland. It formed a cut-off low centred over north-western France and Belgium from 1 August. A surface low, which developed below the upper-tropospheric depression, led to an incursion of cool air from the Atlantic into western Europe, replacing the warm and humid airmasses previously resident over the Continent. Widespread thunderstorm activity and local rainfall extremes in northern Germany were associated with a cold front and a secondary low which moved over Germany towards the Baltic Sea at the beginning of the month. During the following days, the region north of the Alps remained under the influence Weather Vol. 58
November 2003 434 of the cool air, and a temperature contrast between the areas north and south of this mountain range was established (16 8C in Konstanz, Germany, and 25 8C in Milan, Italy, at 1200 GMT on 6 August). On 6 August, a weak low formed in the Gulf of Genoa in connection with the frontal system of the surface low, now over The Netherlands. This new system moved across northern Italy and the Adriatic Sea towards southern Hungary ( Fig. 1 ), but it remained very shallow. When rainfall maxima were observed in Lower Austria before midnight on 6 August and during the afternoon of 7 August, the system's core was located at some distance from the rainfall area south-east of Austria (Fig. 1) . On 7 August surface charts show a convergence line over central Europe at both 1200GMT ( Fig. 2(a) ) and 1800 GMT (not shown). At the same time, the quasi-stationary depression at upper levels split into two parts located north and south-east of the Alps (Fig. 2(b) ).
Evidence will be given later that this was important in the development of the first intense rainfall event.
On 8 August, only weak and very smallscale remnants of the upper-tropospheric depression over central Europe could be identified. A new cold air outbreak directed towards western Europe commenced on the same day, leading to a new large upper-tropospheric depression with a core over northern France on 10 August. At the surface, this depression was associated with a low named Ilse by Deutscher Wetterdienst (the German Weather Service). This cyclone appeared west of Ireland at 0000 GMT on 8 August (Fig. 1) , and moved to southern England by 1200 GMT on 9 August. This surface low remained over southern England until 0000 GMT on 10 August, and subsequently filled (not shown). At upper levels, however, the cut-off low continued to move southwards to reach central Italy by 1200 GMT on 11 August. This upper-tropospheric development supported the formation of a secondary low (Ilse 2, Fig. 1 ) over the Gulf of Genoa on 10 August, while the old core (now renamed Ilse 1) was still present over southern England. Ilse 2 slowly moved eastwards until 0000 GMT on 11 August, subsequently turning northwards (Fig. 1) . At this time, the first intense rainfalls of this period were observed east of Lake Constance (Bavarian Water Board 2002), and later, on 12 August, in the Salzburg area, the western Czech Republic and the Erz Mountains. At 1200 GMT on 12 August, the surface analysis produced by the Deutscher Wetterdienst shows a partly occluded frontal system stretching northwards from the centre of the low along the German± Polish border (Fig. 3(a) ). Northerly surface winds of 15± 25 kn between eastern Germany and the Austrian Alps were induced by the strong pressure gradient on the low's western flank. The northward movement of the surface low was associated with the northeastward displacement of the upper-tropospheric depression mentioned earlier, which had a position south-east of Germany and the Czech Republic on 12 August (Fig. 3(b) ). Both the surface low ( Fig. 1) and the upper-air depression advanced eastwards on the following day. 
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Physical mechanisms associated with the two main rainfall events
Our first focus is the second, more intense rainfall event of 12 August. The record-breaking rainfalls were associated with a broad tongue of extremely warm and humid lower-tropospheric air extending from Greece to Denmark. The temperature and moisture content of the lower-tropospheric air involved in the event were very high. The importance of advection from the western Mediterranean Sea in the formation of this tongue is confirmed by an analysis of back trajectories (Fig. 4 , inside front cover). Note that the back trajectories indicate eastward advection over the Mediterranean Sea prior to the formation of Ilse 2. It is obvious that the cyclone's movement from the Gulf of Genoa towards eastern central Europe played a significant role in the course of the moist air around the Alps. At 1200 GMT on 12 August 2002, the low's frontal system (with westward advection of warm and humid air) and the northerly flow west of the cyclone core were two essential factors leading to the extreme rainfall event in the Erz Mountains area. 
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Weather radar echoes (not shown) suggest a predominance of easterly flow and thus of frontal lifting during the early morning of 12 August, while later the strong southward advection (and thus orographic lifting towards the Erz Mountains) became important. Both major flow directions are reflected in the integrated low-level moisture fluxes between the surface and 700 mbar (shown in Fig. 3(c) ).
Observed rain rates and analysed moisture convergence in the troposphere (indicated by the isolines in Fig. 3(c) ) appear to be consistent. Maximum convergence rates in the analysis for 1200 GMT are equivalent to a rain intensity of up to 97 mm day ± 1 , i.e. about 0.7 mm in 10 minutes. Observed rainfall intensities for this time period (Fig. 4 in Ulbrich et al. 2003) are in a range between 3 mm (Zinnwald) and about 0.3 mm (Fichtelberg) in 10 minutes.
The European Centre for Medium-Range Weather Forecasts (ECMWF) analysis for the same time shows upward vertical winds throughout the troposphere, with a maximum of 0.015 mbar s ± 1 at 700 mbar ( Fig. 3(d) ). They are associated with low-level convergence, and divergence maxima between 500 and 250 mbar. The large divergence near the tropopause is a peculiarity of the profile. This outflow could be produced by latent heat release below, but this would be more typical of tropical convection than a midlatitude depression. We thus prefer the view that horizontal divergence was enhanced by directional divergence of the upper-air flow north-west of the cut-off low, which is also evident from the 300 mbar radiosonde winds encircled in Fig. 3(b) . Also, both local human observations and maps of sferics* (e.g. Deutscher Wetterdienst 2002) suggest that there was hardly any thunderstorm activity in the main rainfall regions, with a few exceptions (e.g. Prague, 1200 GMT on 12 August, Fig. 3(a) ).
With respect to the first rainfall event on 7 August 2002, there was also a mid-tropospheric inflow of warm air from the Mediterranean Sea but, as revealed by the back trajectories in Fig. 5 (inside front cover) , the humid air at lower levels approached central Europe from eastern to northern origins. Lower-tropospheric water-vapour flow into the main rainfall area was similar to the situation of 12 August, with a prevailing north to northeasterly flux (Fig. 2(c) ). Thus, orographic lifting associated with the upward slope of the Waldviertel certainly contributed to the extreme rainfall amounts. Moisture flux convergence in the troposphere (Fig. 2(c) ) was somewhat less than on 12 August (Fig. 3(c) ). It was associated with a line of convergence (Fig. 2(b) ) in this area. Uplift above the 500 mbar level was less intense on 7 August (Fig.  2(d) ) than on 12 August (Fig. 3(d) ). This can be understood from upper-tropospheric divergence which was weaker than during the second event, even though wind arrows in Fig. 2 (a) also reveal diffluent upper-air flow.
In summary, we suggest four main synoptic causes for the extreme summer rainfalls of August 2002:
Very humid air, advected at low-to midtropospheric levels from the western Mediterranean basin around the Alps.
Frontal uplift or a convergence line, stalling over the affected areas for a significant length of time (about 24 hours). (iii) Orographic lifting associated with airflow up the northern slopes of the central European mountain ranges, to the north-west or west of the low's core. (iv) The occurrence of these conditions is connected with an upper-level trough or depression over central Europe which contributed to the dynamically induced upper-level divergence and which also provided the large-scale steering flow for the surface low. Both the upper-level trough and the surface low moved only slowly or remained quasi-stationary so that the area remained under atmospheric conditions conducive to extreme rainfall for some time.
Comparison with recent floods in the same area
Severe summer floods have affected the Rivers Oder and Vistula in recent years. In 1997 both the Oder and the Vistula swelled to levels that * Locations of lightning flashes.
had return periods of the order of 1000 years at some gauging stations (Kundzewicz et al. 1999) . The floods were produced by a sequence of two intense rainfall periods (4± 9 and 17± 22 July 1997) affecting southern Poland, Austria and eastern parts of the Czech Republic (Fuchs and Rapp 1998, Figs. 2 and 3) . Cumulative rainfall amounts for July 1997 were of the order of 300 to 500% of the average July precipitation. At the mountain station of Lysa Hora (located at 498 33'N, 188 27'E, Beskides Mountains, Czech Republic) 585 mm of rain was reported between 4 and 9 July. The monthly sum of 811 mm at this station is more typical of monsoon rainfall. The first of the rainfall periods can be assigned to the low named Xolska by the Deutscher Wetterdienst, which moved from Italy into central Europe (Fig. 6 ). The second rainfall event was associated with the low named Zoe which took a somewhat more westerly path from the Balearic Islands towards the Alps, forming a secondary low on 18 July 1997 (Zoe 2) which slowly progressed into southern Poland (Fig. 6 ). Both surface lows were associated with upper-tropospheric cut-off lows over south-eastern Europe. The flooding of the Vistula in summer 2001 also originated from two extreme rainfall periods (16/17 and 21± 27 July 2001). Again, large areas in southern Poland and neighbouring countries were affected by torrential rains. Observed rainfall amounts and spatial extension of the rainfall area in 2001 were not as large as for the 1997 flood, but monthly rainfall sums at several stations in southern Poland amounted to about three times as much as the climatological mean. For example, 290 mm (337% of average July precipitation) was reported at Kielce (508 49'N, 208 42'E) for July 2001, and 610 mm (292%) was reported at 198 59'E) (Fuchs and Rudolf 2002) . The cyclone track associated with the first rainfall episode (Axel 1, Fig. 6 ) came from the western Mediterranean, forming a secondary low on 16 July 2001 (Axel 2, Fig. 6 ). The development at the surface took place at the eastern flank of a large-scale upper-tropospheric trough over western Europe. The second rainfall period of the 2001 flood was associated with a low that moved into south-eastern Europe from the Black Sea, thus differing from the others. It was, however, also connected with a cut-off upper low over south-eastern Europe.
The synoptic situations of the August 2002 floods and those of the two other recent floods described above are rather similar. They were generally associated with surface lows which moved from the Mediterranean Sea to central Europe on a path over (or near) the eastern Alps. The importance of this specific class of tracks for the generation of summer floods in central Europe has long been recognised (Van Bebber 1891). In his classification of typical cyclone paths over Europe, Van Bebber called them`Vb-tracks', a notation still used among German meteorologists. The Vb-tracks have a rather high potential for leading to extreme rainfall by contributing to the main synoptic causes identified for the rainfall events of 2002: advection of humid air, frontal uplift, and airflow up the northern slopes of the mountains. 
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The recent summer floods in central Europe led to a public discussion of whether these events were indicative of ongoing anthropogenic climate change. Numerical simulations performed using global circulation models (GCMs) provide a basis for estimating climate change due to increasing greenhouse-gas concentrations. These models generally produce a decrease of summer rainfall in the Mediterranean region, and Parry (2000, Fig. B8 ) suggests that in most models the region with decreasing summer precipitation reaches northwards into central Europe, with a reduction of 7± 8% in the 2050s and 11± 12% in the 2080s at the respective grid points. At first glance, these results seem to suggest a decreasing risk of summer floods in a changing climate. Changes in seasonal mean precipitation may, however, be inappropriate for estimating a changing risk of extreme rainfall. Therefore, we explored the probable change of daily rainfall in central Europe using two GCMs: ECHAM4/OPYC3 (Bacher et al. 1998) and HadCM3 (Carson 1999; Hulme et al. 1999) . The models were programmed to assume economic development without major emission reductions (`business as usual').
A comparison of present-day climate with climate towards the end of the present century (two 30-year periods considered) suggests a shift towards heavy precipitation events in both models (Fig. 7) , while total summer rainfall decreases. This result is consistent with other recent publications (Booij 2002; Christensen and Christensen 2003) . The simulated increase of days with intense summer rainfall is associated with an increasing number of meridional weather situations, comprising a trough over western or central Europe. This is the weather situation also observed during the recent floods.
Concluding remarks
The Elbe flood of August 2002 was caused by extreme rainfall in a large area. The associated circulation pattern was rather typical of previous flood events both in recent years and in the more distant past (see Van Bebber 1891). This situation is characterised by a surface low moving on a so-called Vb-track from the Mediterranean basin into central Europe. With respect to the summer 2002 events, a positive interference of several factors is suggested, including advection of humidity from the Mediterranean basin, a quasi-stationary position of the tropospheric trough which induces upper-level divergence, and orographic lifting due to northerly flow west of the surface low.
Extreme summer rainfall and resulting floods have always occurred in this region (Van Bebber 1891). The model simulations considered suggest that their frequency might increase in the future. According to Fricke and Kaminski (2001) an increase of days with extreme precipitation can already be observed in the long station time-series of the Hohenpeissenberg Observatory in southern Germany (1881± 2001). For summer this increase is associated with an increasing frequency of weather types which are in turn associated with Vb-tracks (Fricke and Kaminski 2002) . This seems to agree with the trends produced in simulations of anthropogenic climate change. It must, however, be stressed that it is difficult to determine trends of very rare events (Frei and Scha È r 2001), and we suggest that more detailed studies are performed on both the simulated and the observed synoptic development leading to extreme summer precipitation events in central Europe. Berichtigungen vom 28.10.2002 441
